Pollution of air, water and soil is a worldwide issue for the eco-environment and human society.
Introduction
Since the industrial revolution, rapid developments in industrialization, population expansion, and urbanization have largely contributed to the severe pollution to air, water and soil. A vast of pollutants discharged from industrial processes and households annually have caused significant effects on the eco-environment and human life. These pollutants include toxic gases (NO x , SO x , CO, NH 3 ), heavy metals, organics and bio-toxics. A number of physical, chemical and biological technologies have been developed to control the pollution successfully [1] [2] [3] [4] [5] [6] . Among the various available technologies, adsorption process is widely used and considered as a simple and easy operation and it can effectively remove different types of pollutant from the environment [7, 8] . In addition, adsorption does not result in secondary pollution by producing harmful substances during the process.
For any adsorption process, an adsorbent having large surface area, pore volume, and proper functionalities is the key to success. Currently, many different porous materials have been developed, such as activated carbon, pillared clays, zeolites, mesoporous oxides, polymers and metal-organic frameworks, showing varying extent of effectiveness in removing the toxic pollutants from air, water and soil [8] [9] [10] [11] [12] . Among them, carbonaceous-based adsorbents including activated carbon, carbon nanotubes, and fullerene usually show high adsorption capacity and thermal stability [13] [14] [15] [16] .
In the past a few years, graphene oxide (GO) and graphene nanosheets (GNs) have attracted tremendous interest in the world. Graphene is a two-dimensional carbon nanomaterial with single layer of sp 2 -hybridized carbon atoms arranged in six-membered rings. Graphene has strong mechanical, thermal, and electrical properties, with a theoretical value of specific surface area at 2630 m 2 /g [17] . GO is functionalized graphene with varying oxygen-containing groups. Several reviews have been reported on applications of GO and GNs in different areas such as physics, chemistry, biology, and materials science [17] [18] [19] [20] [21] , however, few reviews on graphene-based materials as adsorbents for pollutant removal is available [22] . In this paper, we will review the research in graphene-based nanomaterials as adsorbents for removal of various types of contaminant in air and water systems.
Synthesis and structure of GO and GNs
Currently, most GO is synthesized by chemical oxidation and exfoliation of pristine graphite using either the Brodie, Staudenmaier, or Hummers method, or some variations of these methods. Brodie first found that the oxidizing mixture (KClO 4 + fuming HNO 3 ) could form GO only with graphitizable carbons that contain regions of graphitic structure [23] . Staudenmaier then reported the formation of GO when graphite was heated with H 2 SO 4 , HNO 3 , and KClO 4 [24] . Later,
Hummers and Offeman introduced a convenient method to prepare GO using H 2 SO 4 and KMnO 4 [25] . The following diagram shows the preparation processes of the above three methods.
(1 Exfoliation is an important step in GO synthesis and is usually achieved in liquid solution using ultrasonic method with different solvents [26, 27] . The typical procedures involve exposure of graphite or graphite oxide powders to particular solvents, and then exposing these solutions to sonication. Recently, other methods were also developed for simultaneously exfoliation and reduction of GO to obtain GNs, such as thermal treatment [28] , chemical method [29] , plasma [30] , and microwave [31] .
GO usually has several oxygen-containing groups, such as carboxylic, hydroxyl, and epoxide functional groups on carbon surface. It is believed that GO is a nonstoichiometric compound with a variety of compositions depending on the synthesis conditions. In spite of extensive scientific investigations, the exact composition and structure of chemically synthesized GO are still questionable. Different structural models, which correspond to an ideal formula of C 8 O 2 (OH) 2 , have been advanced. Its models are based either on a wrinkled carbon sheet composed of trans-linked cyclohexane chairs with oxygenated surface groups (Ruess model), on Lerf's epoxide-containing GO structure or on the keto/enol structure proposed by Scholz and Boehm [32] . Szabo et al. [33] proposed a new model based on several techniques. Fig.1 shows the different GO structural models proposed by some researchers. It is generally believed that the important properties of GO are its layered structure and negatively charged surface, which can provide a wide applications in adsorption. Fig.1 Various models of GO chemical structure.
The functionalized GO can be reduced to GNs with partial restoration of the sp 2 -hybridized network. Up to now, considerable efforts have been devoted to developing the reduction methods using different reducing reagents under thermal, chemical, electrochemical, photothermal, photocatalytic, sonochemical, microwave, laser, and plasmas conditions [34] . However, GNs from different reduction methods will show varying properties. In addition, many other methods have been reported for direct synthesis of GNs, such as micromechanical cleavage of graphite, chemical vapour deposition (CVD), epitaxial growth, and substrate-free gas phase synthesis, etc., however, these methods usually need high temperature, high-quality substrate materials and accurate control over cooling rates, which are impractical for a large scale manufacturing [35] . Typical XRD patterns, Raman spectra, FTIR and UV-vis spectra of GO and GNs are shown in Fig.2 [36].
Significant differences in physicochemical properties between GO and reduced GO were observed in terms of crystal structure, defective structure, surface functional groups and optical property. GO is an electrically insulating material due to their disrupted sp 2 bonding networks. Owing to the structure deformation and the presence of covalently bonded functional groups, GO sheets are atomically rough. GO also has highly defective regions that affect the electrical transport. After reduction, the oxygen-containing groups are removed and the conjugated network of the graphitic lattice is recovered. An ideal sheet of graphene consists of only trigonally bonded sp 2 carbon atoms and is perfectly flat. In general, GNs present hydrophobicity and are difficult to disperse in water.
Therefore, surface modification by chemical, covalent and noncovalent functionalization can be made to prepare composites for a wide application of GNs. 
Adsorptive removal of gas pollutants
Air pollutants include toxic gases and particulates. NO x , SO x , H 2 S, NH 3 , CO, and volatile organic compounds (VOCs) are the most important gaseous pollutants, which can cause significant damages to the eco-environment and human health. A traditional method for polluted air remediation is adsorption using solid adsorbents such as highly porous zeolites [37] [38] [39] and activated carbon [40] [41] [42] [43] . In the past years, it was found that GO, GNs and their modified forms can also be good adsorbents for reactive removal of these toxic gases. However, most of investigations focused on ammonia adsorption using GO, GNs and metal oxide modified composites. Few investigations also reported adsorptive removal of sulphur compounds and VOCs.
Unlike other carbonaceous materials, GO has a layered structure with strong acidity and can be used for reactive adsorption of basic gases. Seredych and Bandosz [44, 45] first tested ammonia adsorption on GO. They observed a very high ammonia adsorption on GO (61 mg/g) due to surface chemistry and geometry. Since ammonia is a basic gas, the acid-base interactions with surface functional groups located at the edges of the carbon layers play an important role for the adsorption.
Petit et al. [46] further compared two GO samples synthesized from the Hummers-Offeman and
Brodie methods for ammonia adsorption and found that ammonia adsorption is strongly related to the type of GO. Intercalation of ammonia in the interlayer space of GO and reactive adsorption were observed. For GO prepared by the Brodie method, ammonia was retained by reaction with the carboxylic groups at the edges of the graphene layers while for the GO from the Hummers method, the reaction with the epoxy and carboxylic groups was responsible.
Seredych et al. [47] then prepared two GNs from the reduction of GO and found different texture and chemistry of the materials significantly affect their capacity in ammonia adsorption. The adsorption capacity is much linked to the presence of surface epoxides, which can react with ammonia leading to the formation of amines. Creation of porosity after reduction did not enhance ammonia adsorption, implying the importance of chemical adsorption. Tang and Cao [48] employed density functional theory calculations to study adsorption and dissociation of ammonia on GO and
GNs and concluded that the adsorption of NH 3 on GO is generally stronger than that on GNs because of the presence of diverse active defect sites, such as the hydroxyl and epoxy functional groups and their neighbouring carbon atoms, which shows a good agreement with the above experimental observations.
Apart from single GO and GNs, various composites with GO or GNs were also prepared and tested for NH 3 adsorption. In the composites, metal oxides were introduced to GO layered structure, which can improve porosity and acid groups. Petit and Bandosz [49] prepared GO/polyoxometalate nanocomposites and reported an improvement in ammonia retention compared to the parent GO.
Ammonia was retained on the surface via interactions with functional groups of GO or with the heteropolyacids. Seredych and Bandosz [50] prepared GO/aluminium-zirconium polycation composites for adsorption of ammonia. They found that pre-humidification could play an important role in adsorption. Water on the surface increased NH 3 adsorption via acid-base reactions. Also, the surfactant used for dispersion affected the performance. More surfactant leads to a higher dispersion of graphene-like layers and intercalation of ammonia can occur. They also synthesized GO/MnO 2 composites for ammonia removal and found an enhanced adsorption capacity. In the composites, Mn(IV) acts as an oxidant for ammonia and GO functional groups contribute to oxygen activation.
A low degree of GO oxidation leads to the deposition of the manganese oxide component at lower oxidation state, resulting in low adsorption [51] .
For graphene composites, Petit et al. [52] tested a new water-stable composites based on a metal organic framework (MOF) and graphene. Ammonia adsorption capacities on the composites are higher than the ones from the physical mixture of components, due to a synergetic effect between the MOF and graphene layers. Moreover, more ammonia is adsorbed in moist conditions than in dry conditions owing to its dissolution in a water film present in the pore system.
For other toxic gases, Seredych et al. [53] tested zirconium-hydroxide/graphene composites for sulfur dioxide (SO 2 ) removal at ambient conditions. An enhanced adsorption of SO 2 on the composites is linked to the formation of new basic sites and porosity developed by the interactions between zirconium hydroxide units and the oxygen groups attached to the graphene layers. Both physical adsorption and reactive adsorption of SO 2 via formation of sulfites were responsible and the graphene could catalyze SO 2 oxidation to form sulfates.
Petit et al. [54] reported GO/Cu-MOF composites for hydrogen sulfide (H 2 S) removal. An enhancement in H 2 S adsorption was attributed to physical adsorption of water and H 2 S in the pore space formed at the interface between the MOF units and the graphene layers. Besides the physisorption, reactive adsorption was also found as the main mechanism. Formaldehyde is one of VOCs as main indoor air pollutants, which comes from paint, decorating materials. Indoor VOCs can cause sick building syndrome and removal of VOCs can be achieved by adsorption and catalytic decomposition [56] . Matsuo et al. prepared several silylated GO composites using 3-aminopropylmethyldiethoxysilane, 3-aminopropylethoxysilanes and 3-aminopropyltriethoxysilane for formaldehyde and butyraldehyde adsorption [57, 58] . Due to the reaction of amino groups of silylating reagents introduced into the interlayer space of GO with aldehydes forming C=N bonding, silylated GO adsorbed formaldehyde at 36.1-91.2 mg/g, much higher than that on activated carbon, even when water molecules were preadsorbed.
Therefore, it is concluded that functional groups on layer-structured GO and GNs are responsible for adsorption of gases (NH 3 , SO 2 , H 2 S). Introduction of metal centers into GO or GNs surface will promote reactive adsorption and water can also induce strong adsorption of those gases. The adsorption behavior is different from other carbons in which porosity plays an important role in adsorption.
Water treatment by GO or GNs adsorption
There are many pollutants in groundwater, surface water and wastewater systems. The important pollutants in water include anions and heavy metal cations as well as organic compounds. For removal of those pollutants, various carbon materials including activated carbon [59] [60] [61] and carbon nanotubes [13, 62] have been widely investigated in previous years and they show high adsorption capacity. Compared with activated carbon and carbon nanotubes, GO and GNs also present strong adsorption for many water pollutants.
Inorganic metal/metalloid cations.
Heavy metals are the most important pollutants in water due to their strong toxicity to plants, reactions. Due to strong functional groups on GO surface, GO will be a potential adsorbent for metal ion complexation through both electrostatic and coordinate approaches. Table 1 summarizes adsorption capacities of metals and metalloids on GO, GNs and their composites. Generally, GO presents high adsorption capacity on cationic metals and GN can be used for adsorption of both cationic and anionic metals. After modification of GO with organics or metal oxides, GO composites can also be used for anionic metal removal due to functionalization.
Yang et al. [63] [65] , but sorption capacity of U(VI) at pH 5.0, 20 ºC was 97.5 mg/g [66] .
Modification of GO with organics can change the surface functional groups for better adsorption of various metal species. Gao et al. [67] prepared a modified GO with thiol groups by diazonium chemistry. The surface modified GO (GO-SH) adsorbed 6-fold higher concentration of Hg 2+ ions than GO and activated carbon. Madadrang et al. [68] used N-(trimethoxysilylpropyl)
ethylenediamine triacetic acid (EDTA-silane) to obtain a chelating GO for Pb 2+ removal. The adsorption was fast and completed within 20 min and adsorption capacity was 479 mg/g at pH 6.8.
Chitosan (CS) is a widely used bioadsorbent for the removal of metal ions. Modification of CS with
GO can enhance the strength and the electrical conductivity of polymer composites. He et al. [69] prepared porous GO/chitosan materials (PGOC) for adsorption of metal ions. Recently, magnetic adsorbents have attracted intensive interest in water treatment due to easy separation and collection using a magnet. Incorporation of magnetic particles with GO or GNs should offer an effective approach to overcome the separation problems associated with graphene.
At the same time, loading of the magnetite nanoparticles can avoid or decrease the possibility of serious agglomeration and restacking of the graphene sheets, and consequently provide a higher available surface area and enhancement of adsorption capacity [73] . Liu et al. [74] Arsenic is one of the most toxic elements and is usually present in ground water. Mishra and
Ramaprabhu [82] synthesized GNs by hydrogen induced exfoliation of GO followed by functionalization for simultaneous removal of high concentration of arsenic (As(III) and As(V)) and sodium from aqueous solution. The maximum adsorption capacities for arsenate, arsenite and sodium were found to be nearly 142, 139 and 122 mg/g, respectively. Chandra et al. [83] synthesized magnetite-graphene hybrids (M-RGO) for As(III) and As(V) adsorption. They investigated the adsorption performance at various conditions and found the composites showed near complete (over 99.9%) arsenic removal within 1 ppb. Zhang et al. [84] synthesized GO crosslinked with ferric hydroxide (GO-Fe) and tested for arsenate removal from contaminated drinking water. The composite GO-Fe-5 showed an adsorption capacity of 23.8 mg arsenate/g-composite.
Effective arsenate removal could be achieved in a wide range of pH 4 -9. Wu et al. [85] also fabricated a composite material (MGL), containing magnetite particles, GNs and layered double hydroxides (LDHs), to remove arsenate from aqueous solutions. The surface area of the MGL is greatly enhanced through the incorporation of magnetite particles and GNs, which provides more active sites for arsenate uptake. The adsorption capacities are 37.73 mg/g for LDHs and 73.14 mg/g for MGL.
Similar to arsenic, chromium is another important metal pollutant in water either in Cr(III) or
Cr(VI). Cr(VI) is more toxic than Cr(III). Ma et al. [86] prepared ethylenediamine-reduced GO (ED-RGO) sheets for effective removal of Cr(VI). They found that Cr(VI) was removed from
aqueous solution through an indirect reduction mechanism with the aid of π electrons on the carbocyclic six-membered ring of ED-RGO, and part of Cr(III) species were bound to the surface of ED-RGO (Fig.3) . Jabeen et al. [87] 
Organic dyes.
Dyes are important water pollutants, which are discharged from many sources such as printing, textile, dyeing, paper and pulp, tannery and paint industries. Most of dyes have a complex molecular structure and are more stable and difficult to be biodegraded. The presence of dyes in water can cause problem to aquatic life and some dyes are toxic to human life. In water, most of dyes are dissolved and present in either catonic or anionic ions. Few are dispersive dyes. For dye adsorption, GO, GNs and their composites with metal, metal oxide and chitosan were tested. Table   2 presents some dye adsorption capacities on various GO, GNs and their composites. Due to ionic forms of dye molecules in water, major interaction attributed to dye adsorption on GO and GNs is cationic-anionic force. GO exhibits high adsorption of cationic dyes, but low affinity for anionic dyes, due to the strong electrostatic repulsion between GO and dyes. GNs and composites can be good adsorbents for cationic and anionic dyes attributed to π-π stacking.
Bradder et al. [92] first tested GO for the removal of cationic dyes, methylene blue (MB) and malachite green (MG), in aqueous solution. The adsorption capacities of MB and MG on the GO were 351 and 248 mg/g, respectively, much higher than those on graphite and activated carbon. The adsorption mechanism was proposed as electrostatic attraction. Other researchers also found that GO was a highly effective absorbent for MB giving adsorption capacity of 714 mg/g [93] and 1939 mg/g [94] . Liu et al. [96] tested GNs for adsorption of MB and obtained the maximum adsorption capacity of 153.8 mg/g at 20 ºC. The effect factors including pH, contact time, temperature and dosage on the adsorption properties of MB onto GNs were also investigated. Li et al. [97] reported GNs for removal of cationic red X-GRL from aqueous solutions and influence of pH, adsorbent dosage, contact time, and temperature on adsorption behaviour. The maximum monolayer adsorption capacity of 317 mg/g at 15 ºC was obtained. Sun et al. [98] found that in situ reduction of GO with sodium hydrosulfite to graphene can enhance adsorption capability of a cationic dye, acridine orange (AO). Under identical conditions, GO showed a maximum adsorption capacity of 1.4 g/g, and reduced GO provided a maximum adsorption capacity of 3.3 g/g, due to the conversion of carbonyl groups on GO into hydroxyl groups.
Ramesha et al. [99] compared GO and GNs for the adsorption of cationic dyes, MB, MV, rhodamine B (RB), and an anionic dye, orange G (OG) from aqueous solutions. It was found that GO due to the large negative charge density was effective for adsorption of cationic dyes, but negligible for anionic dyes. On the other hand, graphene was found to be a very good adsorbent for anionic dyes. Raman and FT-IR show that electrostatic interactions play a role with GO/MV and GO/MB while it is only the van der Waals interaction with GO/OG. The interactions with GO/RB are probably both electrostatic and van der Waals type.
Apart from GO and GNs, various composites composed of GO and GNs were also synthesized and tested for different dye adsorption. Sui et al. [100] reported fabrication of a carbon nanotube blue (CB) [114] and MB [115] . The effect factors including pH, contact time and temperature on the adsorption properties of methylene blue onto MCGO were investigated. Moreover, the MCGO was stable and easily recoverable. The adsorption capacity was about 90% of the initial saturation adsorption capacity after being used four times. Table 2 4.4 Other organic pollutants.
Natural organic matters and a large of persistent aromatic pollutants are widely present in different surface water and wastewaters from pharmaceuticals, pesticides and other industries. Their high solubility in water makes them easily to transport into the environment and are highly toxic to human health. Some investigations have been conducted in using GO and GNs for adsorption of humic acids, phenolic compounds, pesticides and drugs. In general, five possible interactions including hydrophobic effect, π−π bonds, hydrogen bonds, and covalent and electrostatic interactions have been observed in carbon materials and believed to be responsible for the adsorption of organic chemicals on the surface of carbon nanosized particles [116] . For GO and
GNs, most investigations found that π-π interaction plays the important role in adsorption.
Hartono et al. [117] first reported the application of GO for humic acid (HA) adsorption in aqueous solution. They found that the GO exhibited strong and much higher adsorption capacity of HA than graphite. The maximum adsorption capacity of the GO from the Langmuir isotherm was 190 mg/g, higher than activated carbon. Gao et al. [118] reported the adsorption of some antibiotics, tetracycline, oxytetracycline and doxycycline, on GO. The maximum adsorption capacities from the Langmuir model were 313, 212 and 398 mg/g for tetracycline, oxytetracycline and doxycycline, respectively. The adsorption capacities decreased with the increase in pH or Na + concentration. The mechanism of adsorption was attributed to π-π interaction and cation-π bonding.
Wu et al. [119] Adsorption tests indicated the hydrophobic interaction and other specific interactions were involved in adsorption. TCB, TCP and 2-naphthol were adsorbed on GNs mainly via π-π interaction while adsorption of TCP and 2-naphthol on GO was attributed to the formation of H-bonding between hydroxyl groups of TCP and 2-naphthol and O-containing functional groups on GO. Maliyekkal et al. [123] reported unprecedented adsorption of some pesticides, chlorpyrifos (CP), endosulfan (ES), and malathion (ML), onto GO and GNs from water. GNs showed high adsorption than GO and the adsorption capacities of CP, ES, and ML were as high as 1200, 1100, and 800 mg/g, respectively.
Density functional analysis showed that adsorption is mediated through water, while direct interactions between GNs and the pesticides are rather weak or unlikely. They also reported the synthesis of a sand-graphene composite using sugar as a graphene precursor and tested the adsorption in rhodamine 6G (R6G) and CP. Batch experiments showed adsorption capacities of 55 mg/g for R6G and 48 mg/g for CP, which are superior to that of activated carbon [124] . 
Conclusion and perspectives
GO and GNs are new carbonaceous materials with high surface area and functional groups. These materials can be used as adsorbents to effectively remove various gaseous and aqueous pollutants.
The adsorption depends on adsorbate forms, ionic or hydrophobic. As GO shows strong acidity and negative charges, it exhibits high adsorption of basic chemicals such as ammonia and cationic ions via reactive adsorption and ionic binding. On the contrary, due to loss of oxygen species, the π-π interaction between GNs and the adsorbate plays a dominant role for adsorption on GNs. In addition, GO and GNs tend to aggregate in a layer-by-layer mode due to strong interplanar interaction, GO and GNs can be functionalized with metal/oxide and organics to form composites, which will improve the adsorption capacity. Magnetic GO/GNs nanocomposites demonstrate advantages in convenient magnetic separation and re-use of the adsorbents.
In order to be applicable toward high adsorption, the material should possess high porosity and high surface area. However, GO and GNs synthesized always have low surface areas. Physical and chemical activation is well-known for developing highly porous carbons from different carbon precursors. Recently, highly porous graphene through chemical activation of exfoliated GO precursors with KOH has been reported [130, 131] , which can produce graphene with surface area over 3000 m 2 /g. Peng et al. recently reported CO 2 activation of GO to obtained GNs for phenol and MB adsorption [132] . However, few investigations have been attempted in GO/GNs activation and efforts should be made in the future in this area.
Previously, many different methods have been employed for reduction of GO to form GNs, however, the GNs show varying extents of oxygen species. The presence of oxygen species significantly affects the adsorption behavior of various pollutants on GNs and the results from different laboratories vary. Therefore, it is important to investigate the relationship between oxygen species of GO and GNs and their capacities. List of Figures   Fig.1 Various models of GO chemical structure. Relative Intensity /a.u. The saturated adsorption capacity (Q) values for all of these dyes using RGF-1 (black), RGF-2 (red), and RGF-3 (blue) as the adsorbents. RGF-1, RGF-2 and RGF-3 are referred to composites at C/Fe atomic ratios of 1.7:1, 3.0:1 and 7.0:1, respectively [107] .
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